Introduction
A mold profile in nanoimprint lithography (NIL) [1] [2] [3] plays a significant role. NIL is capable of patterning from sub-10 nm to sub-micron structures with high-throughput as well as at the low cost owing to the advantage that the NIL mold can be reused repeatedly [4] [5] [6] [7] [8] [9] [10] [11] [12] . In order to make the NIL mold durable, de-molding force, which is a force required to separate the mold from the resist after replicating patterns needs to be minimized. The small de-molding force also helps to reduce the number of defects on the transferred pattern. Although antiadhesive coatings with fluorinated silane are often used for easy mold releasing [13] , the exact profile of mold is also important. Especially, smooth and tapering (less than 90°) sidewalls are necessary for easy de-molding. High aspect ratios (diameter:height) of 1:5 are typically demanded for well define imprinting [14] [15] [16] [17] [18] [19] . Silicon (Si) wafers have been popular choice as the mold platform for applications like the patterned media and optical films that are typically composed of the sub-micron diameter 2D lattice pattern. The electron beam lithography followed by reactive ion etching is the standard procedure to fabricate sub-micron mold patterns on Si wafers. In particular, Bosch process is employed to fabricate high aspect ratio structures [20] [21] [22] . However, even with Bosch process, obtaining smooth side wall is not straightforward. While it is possible to control taper angles by adjusting flow rate of etching gas [23] , a sidewall ripple called scalloping is emerged at the time of switching between the etching and protection gases [20, 21] . Some efforts have been devoted to reduce the scalloping, e.g., by introducing O 2 gas into etching gas [14] , decreasing the etching rate, and etching with alkaline solutions [15] . However, complete removing of scalloping has not been achieved to our knowledge.
Metal-assisted chemical etching (MACE) has attracted much attention in recent years as an inexpensive, highthroughput wet etching method that can fabricate high aspect ratio structures with smooth sidewalls [24] [25] [26] [27] [28] . In MACE, metals (e.g. Ag, Au, and Pt) deposited on the Si substrate play a role of catalyst when being immersed in mixture of hydrofluoric acid (HF) and hydrogen peroxide (H 2 O 2 ). Si that is in contact with the metal is oxidized by electrochemical reaction and subsequent HF etching removes SiO 2 . This process is very fast that the sidewall etching is very limited leading to smooth sidewalls. The uniformity of etching can be improved by inserting Fe layer into Au layers as Au/Fe/Au and apply externally magnetic field during etching to improve the metalsilicon adhesion [29] . However, by MACE alone, only vertical (almost 90°to substrate) structures can be fabricated.
In this paper, we demonstrate an experimental technique to fabricate tapering structures employing combination of MACE followed by another wet etching by potassium hydroxide solution (KOH). KOH etching has been known to expose Si (111) surface [30] [31] [32] [33] . Indeed, such a sharpening protocol with KOH has been employed in the past to reveal 54.7°(111) surfaces at the top of Si micro-/nano-structures [34] [35] [36] . However, despite four equivalent (111) planes having the angle 54.7°to the (100) surface of Si wafer employed in this study, we have achieved the control of the angle in the range between 80°and 89.5°. The key finding, as we will show, is the geometric factor of the nanorod can change the tapering angle of sidewall etching by KOH. Figure 1 shows the experimental steps. Starting substrate was a 525 μm thick float-zone n-type Si (100) wafer having the resistivity of 2000 Ω cm. The wafer was cleaved into 20×20 mm pieces. The samples were cleaned by ultrasonication in acetone for 10 min. The electron beam resist (ZEON ZEP 520A) was coated by a spin coater in two steps; 1000 rpm for 5 s followed by 3000 rpm for 50 s. The 2D square array mask pattern was drawn by electron beam lithography (20 kV, 56 μC cm -2 ) followed by a positive resist developing. Four layers of metals, 5 nm Ti/10 nm Au/10 nm Fe/10 nm Au, were deposited in a high vacuum evaporator. Without lifting off the resist, MACE of the sample was performed in HF/H 2 O 2 (45% HF:30% H 2 O 2 =8:2) in a Teflon beaker placed on a neodymium magnet (188 mT cm −2 ) at room temperature in a non-clean room, i.e., in a regular chemical lab environment. The samples were immersed for 3 min with the metal film side facing upward. During this process, the region under the Si surface (more precisely SiO 2 surface) that was in direct contact with the Ti layer was oxidized preferentially and etched away. However, the Ti/Au/Fe/Au film continues to stick to the Si interface even when SiO 2 at the interface was removed. As a result, the metal pattern continues to sink into Si bulk with the rate of about 5 μm in 3 min. On the other hand, the silicon surface region that was not in direct contact with the metal films was not etched. In the present case, even though we did not perform the electron beam resist lift-off before MACE, the region that had electron beam resist between the Si and metal films remained unetched. Therefore, the resulting pillars after MACE had the stack of the electron beam resist and metal films at the top, while the valley floor was covered entirely by the metal films only. These remaining metal films and electron beam resist were removed by immersing the sample in nitrohydrochloric acid and dichloromethane in sequence. Finally, the vertical sidewalls of the pillars are slanted by immersing the sample in KOH (3 mol l −1 ) alkaline solution for 10 s at room temperature. A JEOL JSM-7600F scanning electron microscope (SEM) was used for observation of the sample structures.
Experimental
While the above-mentioned procedure led to the optimum resulting structures, in order to show the advantage of having the Fe layer, we have also performed MACE with the 5 nm Ti/10 nm Au layers. Moreover, as discussed in below, we have also performed MACE without placing the magnet beneath the beaker.
Results and discussion
First, we evaluated the effect of magnetic force guide for the improvement of MACE uniformity. Figure 2 shows a comparison of (a) MACE with Ti/Au films without magnetic force guide for 3 min, (b) MACE with Ti/Au films with magnetic force guide for 3 min, (c) MACE with Ti/Au/Fe/Au films without magnetic force guide for 7 min, and (d) MACE with Ti/Au/Fe/Au with magnetic force guide for 7 min. The difference in MACE times, 3 and 7 min, was selected to obtain approximately the same etching rates; the MACE with Fe having the thicker overlayer having the etching rate of ∼1.3 μm min -1 was slower than ∼3.0 μm min -1 with the thinner Ti/Au overlayers. As seen in figure 2, the resulting structure with Ti/Au/Fe/Au contains smaller number of defects than the ones with Ti/Au. Here the etching speed with Ti/Au appeared to be too fast. When compared between with and without magnetic force for Ti/Au/Fe/Au (figures 2(c) and (d)), a subtle difference appears in the spatial homogeneity in the etching speed. Figure 3 shows the pillar length variation using the constant height contour lines when the magnet was not placed under the beaker during MACE using Ti/Au/Fe/Au, i.e., same as figure 2(c). Within the shown area of 50×50 μm 2 , the height variation of a few micron was observed. On the other hand, the Si pillars fabricated by MACE with Ti/Au/Fe/Au with magnetic force guide shown in figure 4 are highly uniform (sub-micron height variation) in 70×80 pillars. Two defects indicated by 'a' and two gold flakes indicated by 'b' are seen corresponding to defect fraction of 0.04% only and they should be eliminated further by performing the entire process in a clean room. We shall now analyze the observed results by revisiting the MACE mechanism. A schematic of MACE reaction is shown in figure 5 . The important step of MACE is the hole injection into Si through the metal catalyst followed by oxidization of Si. These holes are provided by the oxidant H 2 O 2 . SiO 2 oxidized from Si by accepting holes can be dissolved by HF from the edges of films but the noble metal films continue to stick to the etched Si bare surface [37] . By keeping these reactions, the metal catalyst sinks deeply into the substrate. Since this is an electrochemical reaction, the type of metals used as a catalyst plays an important role to transfer the holes into Si [38] [39] [40] . Concretely, the electronegativity of catalyst metals is considered to be controlling physical parameters [41] . When the electronegativity of the metal is higher than that of Si, it is easier for Si to accept holes to speed up the MACE process. Therefore, noble metals usually employed for MACE such as Au, Ag, or Pt have high electronegativity but these metals do not adhere to Si very strongly and tend to peel off during MACE. Thus, a thin Ti layer is often employed to sustain the adhesion with Si [42, 43] . Although electronegativity of Ti is lower than that of Si, MACE proceeds when Ti between Si and Au is less than 5 nm. Therefore, Ti/Au layers can act as good catalysts in MACE. Moreover, since holes diffuse isotropically into Si, oxidation of Si proceeds isotropically from the center of the metal areas. As a result, it is often observed that an etching direction strays away from the vertical direction [42, 43] . This phenomenon is assumed as the reason why the variation of the pillars' length is caused in the absence of magnetic field guide and the inserted magnetic layer. In the case of our experiment, since the metal catalysts are 2D mesh patterns, such effect appeared as the difference in the etching speed in a large area. However, magnetically guided MACE can also improve this directionality in addition to the etching speed spatial uniformity [29] . In the present experiment, the permanent magnet was placed under the Teflon beaker to force the Fe magnetic layers to the vertical direction. Moreover the magnetic force enhances the adhesion of catalysts and Si. Thus, in this study, the combination of Ti/Au/Fe/Au and magnetic force guide led to the stable metal adhesion to Si and high uniformity.
Magnified SEM images of Si pillar arrays fabricated by magnetically guided MACE are shown in figure 6 . Here the cross-section of each pillar is 1×1 μm 2 and height is ∼5 μm. The spacing between pillars was varied between 0.5 and 3.0 μm. Completely vertical sidewalls having fairly smooth surfaces were obtained in all cases. The structures shown in figure 6 are then immersed in KOH etching solution to add desired tappers as shown in figure 7. figures 7(a1)-(f1) show that the sidewalls of each pillar were uniformly tapered while maintaining the fairly smooth surface morphology. The change in the area of the top of the pillars from 0.9×0.9 μm 2 of figures 7(a1) and (a2) to 0.2×0.2 μm 2 of figures 7(f1) and (f2), while maintaining the same cross-section at the bottom, demonstrate that the change in the tapering angles. What is remarkable here is that although KOH anisotropic etching was supposed to reveal (111) facets that have the angle of 54.7°to the Si surfaces, the tapering angles as determined from figures 7(a1)-(f1) are much larger, in the range of 80°-89.5°.
In order to understand such rather unexpected phenomenon, we first point out the feature that the pillar crosssections remain squares for every pillar before and after KOH etching; only the tapering angles change. Calculation from the resulting tapering angles indicates that (441) surface has been appeared in the case of 80°tapers. Considering that Si surface atoms having two dangling bonds, i.e., Si (100) and (110) surfaces, are easier to bond with OH − ions than ones having only one dangling bond, the alkaline solution etches Si (100) and (110) preferentially resulting in the square cross-sections everywhere. The same principle applies to the other surfaces such as (411) [44] .
The question remains why (111) surfaces were not exposed by KOH. First obvious possibility is that 10 s etching time by KOH was not long enough to expose 54.7°surfaces. When the bottom cross-section is 1×1 μm 2 square, the expected heights of Si pyramids with 54.7°(111) surfaces is ∼0.7 μm. The longer etching time may expose pyramid at the top of each pillar. However, even when we varied the etching time in KOH up to 10 s and longer, the taper angles shown in figure 7 were maintained. The structures simply became smaller by the longer etching time keeping the maximum angle. In order to further investigate the anisotropy of the KOH etching on Si pillars, we performed the KOH etching on 45°rotated Si pillars, i.e., the ones having four surfaces having the (100) orientations. If the anisotropy of the KOH etching appears, each edge of pillars should be rounded or etched away leading to circular or octagonal pillars. However, as shown in figure 8 , the etching anisotropy did not change between (100) and (110) sidewalls. Therefore the unexpected tapering phenomena observed in this study cannot be explained by simple anisotropy of KOH etching.
The most plausible cause we presently believe is the change in the ability for the KOH etching solution to flow into the inter-pillar regions (volumes), which can be affected strongly by the inter-pillar spacing and pillar heights. It is well known that hydrogen gas is generated as a result of chemical reaction between KOH and Si. Such generated hydrogen gas can be trapped between sidewalls of adjacent pillars and prevent KOH solution reaching in inter-pillar regions. Such coexistence of hydrogen gas and KOH solution between pillars may reduce the anisotropic etching character of KOH and result in rather averaged out uniform etching leading to flat sidewalls with much larger taper angle than 54.7°. In order to verify this, we also performed the KOH etching on 3 and 7 μm Si pillar arrays whose inter-pillar spacings are controlled between 0.5 and 3.0 μm. The results are shown in figure 9 . Error bars represent the variation in the taper angles within which 95% of pillars measured for the given spacing resulted. Interestingly, in the case of 3 and 5 μm pillars, the larger the inter-pillar spacing is, the smaller the taper angle becomes. In the case of 7 μm pillars, taper angles show no dependence to the inter-pillar spacing. These experimental results indicate that geometrical factors, i.e., high aspect ratios combined with pillar spacing affect tapering angle by KOH etching as well as inter-pillar spacing.
In addition, the effects of Ti, Au, and Fe on KOH etching should be considered. In the previous report by H Tanaka et al even a small amount of metal ions in KOH solution can affect the etching property [45, 46] . However, their conclusion is that Ti, Au, and Fe, the metals used in our experiments, do not affect KOH etching property. The reason why the sidewalls of pillars shown in figure 7(f1) is slightly roughened by KOH etching is not clear. In general, the sidewall roughness after KOH appear to increase with increasing the inter-pillar spacing. The etching rate by KOH solution increases with the inter-pillar spacing especially for the case of 5 μm tall pillars. The sidewall roughness control for the KOH etching requires optimal balancing of the pillar height and inter-pillar spacing. Moreover, it is needed to investigate the effect of the concentration of the KOH solution as the additional freedom. It appears that, it is preferred to employ a high (>40 wt%) concentration KOH solution for reducing the surface roughness. In addition to the sidewall roughness, the pore structures were caused on the top surface of the Si pillars in figures 7(a1), (c1)-(f1) . Generally, roughness on the top surface of the imprinting mold are not critical for the easy de-molding. These pore-like defects are considered as etching pits arose from the original lattice defects on Si pillars before the KOH etching and can also be removed by the optimal etching condition as figure 7(b1) shows.
In conclusion, fabrication of Si pillars with smooth and tapered sidewalls has been realized by combination of MACE and KOH etching. This technology can not only reduce the cost of production but can also fabricate smoother sidewalls on Si pillars in a short time. Rather unexpected behavior of KOH etching on high aspect ratio pillars observed in the present study was attributed to the presence of unescaped hydrogen bubbles around the sidewalls whose concentration is affected by the pillar height and inter-pillar spacing. In the future, it will be interesting to establish a look up table showing the relation between the inter-pillar spacing, pillars heights and resulting taper angle to develop a universal taper angling technique based on this simple wet etching method. 
